Many nocturnal and crepuscular fish use vision to feed and function under low light levels. However, little is known about their ability to accommodate or their visual acuity under these light levels. We used Infrared Photoretinoscopy to track the refractive state of the eye during prey capture under low light in Apogon annularis, a nocturnal reef fish. Anatomical measurements of the eyes allowed calculations of visual acuity. Changes in the refractive state were observed in $75% of the prey capturing strikes, preceding the strikes by 30 ms. These changes were rare between strikes or when prey was absent. Anatomical measurements indicated that the number of photo-detection units in a retinal image greatly exceeded the minimal number needed to detect prey. We conclude that nocturnal vision in A. annularis is sufficiently sensitive to allow accommodation during prey capture.
Introduction
Vision is a dominant modality among diurnal and crepuscular fishes in shallow aquatic habitats (Blaxter, 1980; Lythgoe, 1979; McFarland, 1991; O'Brien, 1987) . It is employed in activities ranging from foraging and predator-prey interactions, to social interactions and homing. However, a large number of fishes inhabit mesopelagic and bathypelagic habitats or feed nocturnally, therefore their visual systems must cope with low light levels. While fishes in low light environments are known to use mechanoreception (Janssen, 1997; Montgomery & Macdonald, 1987) , electroreception (Von Der Emde & Bleckmann, 1998) and chemoreception (Pohlmann, Grasso, & Breithaupt, 2001 ) to school and forage, vision may also play an important role (Blaxter, 1980; Collin, Lloyd, & Wagner, 2000; Collin & Partridge, 1996; Holzman & Genin, 2003; Ryer & Olla, 1999; Warrant, 2004) .
Many adaptations for nocturnal vision in vertebrates, including fishes, may be explained on the basis of a tradeoff between acuity and sensitivity (Lythgoe, 1979; Warrant, 2004) . In general, increased sensitivity, through spatio-temporal summation of neural signals from the rods, will result in a decrease in visual acuity (Land, 2000; Lythgoe, 1979; McFarland, 1991; Warrant, 1999) . Similarly, well-developed tapeta will increase photon capture, and hence increase sensitivity, at the expense of a decrease in signal to noise ratios (Warrant, 2004) . Consequently, the image projected onto the fish's retina may lack details, and the fish will see a blurred image of the prey when it strikes. If, on the other hand, the projection of the image on the retina provides enough information (as in daytime), the fish may try to accommodate, so as to bring the image to maximal sharpness. In animals that strike at individual prey, accommodation can also contribute to the strike's success by providing (or improving) a measure of distance to prey. In the sandlance (Limnichthyes fasciatus), a small planktivorous teleost, estimation of the distance to its prey can consist of monocular vision, utilizing accommodation or parallax information generated by rotation of the eye (Pettigrew, Collin, & Fritsches, 2000) . Similarly, chameleons (Harkness, 1977) , horned lizards (Ott, Ostheim, & Sherbrooke, 2004) and the barn owl (Wagner & Schaeffel, 1991) were shown to use accommodation as a mean of judging the distance to their prey.
Information on accommodation under low light levels in unrestrained vertebrates is relatively uncommon, and indicates no clear pattern in the relationships between accommodative and nocturnal abilities. Thus, very few of some 15 species of Tytonidae (barn owls; Howland, Howland, Schmid, & Pettigrew, 1991) , showed a marked ability of accommodation (>10 D) while all others showed a limited ability of <2 D (Howland et al., 1991) . The nocturnally active brown kiwi showed accommodation of 7.5 D (Howland, Howland, & Schmid, 1992) . In fishes, accommodation has been previously described for diurnal species during predatory strikes (e.g. Andison & Sivak, 1996; Kawamura & Kishimoto, 2002; Sivak & Howland, 1973) .While morphological evidence suggest that low light fishes do accommodate (Collin & Partridge, 1996) , to the best of our knowledge there are no direct observations on accommodation during prey capture in nocturnal fishes.
Apogonid fishes dominate the guild of nocturnal planktivores in Indo-Pacific coral reefs, where they are most abundant in lagoons and the leeward sections of the reef (Hobson & Chess, 1978; Marnane & Bellwood, 2002) . Apogon annularis (Rü ppell, 1829) is a small (7-10 cm) planktivorous reef fish, with relatively large eyes ($5 mm diameter, 47% of head length) and a moderately large mouth ($8 mm). Similar to other nocturnal fishes, A. annularis exhibits a strong selectivity for larger prey (Holzman & Genin, 2003; Holzman & Genin, 2005) . Prey capture in A. annularis involves a rapid lunge (at $12.8 cm s À1 ) to distances of up to 4 fish body lengths, ending with opening the mouth and engulfing the prey (Holzman & Genin, 2003) .
In a previous study, the rate of prey capture (adult, nonbrooding Artemia) by A. annularis under controlled conditions was observed to increase from nearly zero predation at 1 · 10 À6 lmol quanta m À2 s À1 to $7 prey min À1 at 4.6 · 10 À5 lmol quanta m À2 s À1 (equivalent to 6.022 · 10 5 À 2.77 · 10 7 millions of photons m À2 s À1 ; 1 mol = 6.022 · 10 23 photons), and then to level off (Holzman & Genin, 2003) . Showing the same pattern, reactive distances to that prey increased with increasing light intensity from <5 cm at 1 · 10 À6 lmol quanta m À2 s À1 to 20 cm at 4.6 · 10 À5 lmol quanta m À2 s À1 (Holzman & Genin, 2003) . Moreover, the probability of prey from different size groups to pass undetected through the fish's reactive volume corresponded to their ''apparent length,'' as seen from the fish's perspective (see ''Prey projected length''; Holzman & Genin, 2005) .
These results have led to the conclusion that nocturnal predation in A. annularis is visually guided, or at least visually mediated. While the visual capabilities of nocturnal fishes were studied at the behavioral level by determining the light level at which feeding or schooling commence (Batty, Blaxter, & Richad, 1990; Macy, Sutherland, & Durbin, 1998; Ryer & Olla, 1999) , little is known of their perceptual and physiological abilities.
Our objective in this study was to track the refractive state of the eye of A. annularis during prey capture under low light conditions. Photoretinoscopy (Schaeffel, Farkas, & Howland, 1987) was used to determine the relative state of accommodation while the fish were searching and striking at prey in an experimental aquarium. Anatomical measurements were then used to assess the relationships between the visual acuity and reactive distance to prey of known size.
Materials and methods

Experimental subjects
Four A. annularis individuals (average SL = 4.65 ± 0.55 cm, average pupil diameter = 3.98 ± 0.17 mm) were collected at the coral reef in front of the IUI marine laboratory in Eilat, using hand nets and a powerful torchlight and transported immediately into the experimental aquaria (30 · 30 · 7 cm). Three of the walls of these aquaria were covered by black cloth, to reduce reflectance from the IR source (see below). The fish were allowed several days (at least 72 h) to acclimatize under a natural day: night cycle with running seawater at 20-22°C. Fish were fed nightly with adult brine shrimps (Artemia sp.), but were deprived of food 24 h before the experiment started. This species was chosen following a screening of several species (Apogon cookie, Apogon cyanosoma, Cheilodipterus lachneri) due to its relatively large eyes, rapid acclimatization, readiness to feed in captivity, and the wealth of data on its feeding under low light (Holzman & Genin, 2003 , 2005 .
Measurements of the refractive state
The refractive state of the fish eye was tracked using an infrared (IR) photoretinoscope described in detail by Schaeffel et al. (1987) . This system allows real-time, remote tracking of the refractive state of the eye of a fish, thus having minimal effects on the subject's behavior. In brief, the photoretinoscope is based on a light source adjacent, and eccentric to the optical axis of a video-camera lens, that projects light rays parallel to the camera's axis, which then records light reflections from the fundus. IR light (emission peak 880 nm) is used to minimize disturbance to the animals. The reflected light appears as a crescent in the pupil, and the position of the reflex indicates the position of focusing relative to the plane of the camera. In hyperopia the reflex appears at the top of the pupil (Fig. 1) , whereas in myopia the reflex appears at the bottom of the pupil. The distance of focusing away from the camera plane, also termed defocus, (D; diopters) may be obtained from the size of the reflex:
where E is the eccentricity of the light source, A is the distance of camera to eye, DF is the dark fraction in the pupil (Fig. 1) , and R is the pupil radius (A, R and E in m). Of the five light sources located at different eccentricities (2, 6.2, 10.5, 14.5, and 18.9 mm; hereafter eccentricity levels 1-5) we used those at 6.2 and 10.5 mm, as they provided the clearest image of the pupil. The photoretinoscope lens (Nikkor SC, f = 55 mm, 1:1.2, Nikon, Japan) was positioned at 1.0 or 0.6 m from the center of an experimental aquarium facing its wide dimension (A was assumed constant at 1.0 or 0.6 m through an experimental trial). The photoretinoscope was placed within an aperture cut in a black cloth screen that obscured the camera and observer from the fish. The lens was mounted on an IR sensitive CCD camera (902H, Watec, Japan) and the information recorded on a digital VCR (DHR-1000NP, Sony, Japan).
Without direct calibration, a hyperopic offset, which increases with decreasing eye size, is expected in a small eye such as that of A. annularis (Glickstein & Millodot, 1970; Mutti, Ver Hoeve, Zadnik, & Murphy, 1997) . This ''small eye artifact'' makes all reflexes in small eyes appear hyperopic (Glickstein & Millodot, 1970; Mutti et al., 1997) . As our focus was on the occurrence and timing of changes in the refractive state, prior to its quantification, this artifact was not corrected for. Similarly, we did not correct for the bias that is associated with filming the fish in the aquarium, as the light passes through the air-glass-water interface (Hueter & Gruber, 1980) . Hereafter, we use the term ''accommodation'' to describe a rapid change in the refractive state of the eye, assuming a functional role for that change.
Light environment
During the pre-test (at least 1 h) and the test phase the fish were kept under dim illumination (4-40 · 10 À4 lmol quanta m À2 s À1 ), provided by an intensity-controlled 25 W halogen lamp. These light intensities corresponded to the range from moonless night to half moon at the surface (Macy et al., 1998; R. Holzman unpublished) . Downwelling light intensity was measured at the beginning of each trial using a photosensor module (Hamamtsu H6780, Hamamatsu photonics, Japan), positioned adjacent to the experimental aquarium. Spectral measurements indicated that the spectral distribution did not vary between the light intensities used. In order to enhance image quality, an array of 30 IR LEDs (emission peak 820 nm) was positioned directly above the test aquarium. It has been previously shown (Holzman & Genin, 2003) that IR light does not affect the feeding rate of A. annularis.
Experimental protocol
Each test comprised a pre-feeding stage (''resting''), followed by a feeding stage. During the resting stage, each fish was videotaped for 5 min while swimming undisturbed. Subsequently, $20 adult Artemia (ca. 5 mm in length) were slowly injected into the aquarium and the fish was videotaped for 5 more min. To determine the refractive state of the fish eye in these states, 10 randomly selected video sequences, each 2 s (50 frames) in duration, were captured for each stage. For the feeding stage, these sequences included only searching intervals (hereafter ''searching''). In addition, for each fish we analyzed the strikes in which the fish was clearly visible through the prey capture sequence (hereafter ''striking''; n = 8 for each fish). These sequences were 40-80 frames in length (1.6-3.2 s) starting just before the strike and ending after its termination. While searching (i.e., between prey capturing strikes), the fish usually swam slowly, or kept stationary. The commencing of a strike was typified by a sharp beat of the caudal fin, while strike termination was typified by a visible gaping and prey capture. Strikes were clearly directed at individual prey (see also Holzman & Genin, 2005) , as the fish opened their mouth to engulf the prey (clearly seen with our camera) only when very near to it (see supplementary video 1).
For each sequence a frame-by-frame measurement of the proportion of the pupil's dark fraction was performed using the software ImagePro for Windows (Ver 4.5, Media cybernetics, Maryland, USA). The proportion of the dark fraction from the total pupil diameter was defined using the edge detector function (ImagePro reference guide, Media cybernetics, Maryland, USA). That function is based on the derivative of the falling point of inflection in the gray level values along an image transect across the pupil. The use of that software tool ensured that the definition of the dark fraction was consistent throughout the analyses.
Accommodation, expressed by the rapid change in the refractive state, is expected to result in an increase of the variance in the series of defocus values at the time of its occurrence. For each of our video sequences (resting, searching, and striking) we measured 10 frames ''running variance'' to identify changes in the defocus state. The series of variance values were plotted, and local maxima (occurring after a positive slope of at least 4 successive points, followed by a similar negative slope) were identified. For sequences taken during resting and searching, the maximum variance Fig. 1 . The illuminated area in the eye of A. annularis, depicted by the distance between the white horizontal lines to the left of the eye. The proportion of the dark fraction from the total lens diameter (1-illuminated fraction), used to calculate the defocus of the eye (D; Eq. (1)), was defined based on the derivative of the falling point of inflection in the gray level values along an image transect across the pupil. A hyperopic state was observed immediately preceding a strike (A), while a more myopic state is observed 0.24 s after the strike was initiated (B). The same refractive state is observed when the fish is viewed in an angle in a non-strike sequence (searching; C). Due to small eye artifact, the state of the eye was more myopic than it appeared. However, the change in the refractive state indicates that prior to the strike (A) the eye was focused hyperopically to the prey item presented in the visual field. Note the prey items (Artemia sp.) around the fish. value was noted, whereas for the sequences taken during strikes, we noted only the local maximum value that corresponded to the initiation of the strike.
To clearly identify prey capturing strikes and maximize the probability of viewing both the fish and its prey, we tracked the fish at right angles to their body axis. Therefore, defocus values refer to a lateral viewing of the eyes. However, since a change in the fish's body angle characterized some of the strikes (termed strike angle in Holzman & Genin, 2003) , it was possible that some of the observed changes in the refractive state stemmed from different reflectance at different viewing angles. This caveat was tested in a separate set of experiments in which the fish were restrained at one position and their refractive state measured as the photoretinoscope was moved horizontally at an arch of 1m radius, relative to the side of the fish. Angular measurements of the refractive state were made in the range of 65-115°to the anterior-posterior axis, corresponding to the strike angle in most (>60%) strikes in the flume (Holzman & Genin, 2005) . Because in the experiment reported here fish were viewed from the side, we could not quantitatively measure their strike angles, however only strikes with a small strike angle (estimated < ±30°to body axis) were analyzed. The angular change in refractive state was measured for 3 fish (for the right and left eye of each fish). The maximal difference in defocus values due to viewing angle was 1.2 D (average maximal difference 0.98 D, n = 6 eyes).
The occurrences of changes in the proportion of the dark fraction of the pupil was analyzed by comparing local (associated with strikes) and maximum variance (for resting and searching states) using two-way repeated measures ANOVA, with treatment (three levels) and replicate (8 levels) as repeated measures factors. A similar analysis was made to test the effect of behavioral state on the coefficient of variation in the defocus values. In these analyses, we used only 8 (randomly selected) sequences for each of resting and searching states, to match the number of analyzed strikes. The compliance with the sphericity assumption (Rao, 1998) was verified. For all other analysis, Student's t-test was used after verifying normal distribution and homogeneity of variance. All the statistical analyses were made using the software Statistica (version 6.0 for Windows; StatSoft, Oklahoma, USA).
Estimation of visual acuity
Estimation of the visual acuity followed Lythgoe (1979) and Kirschfeld (1976) , based on measurements of lens radius and cone density. The Airy's disc radius (r) was derived from the equation
where k is the wavelength (m), f is the focal length (m), and A is the aperture diameter (m). The aperture diameter was 3.15 · 10 À3 m (±0.13 · 10 À3 m; n = 4 fish), and k was arbitrarily set to 490 nm, the wavelength of peak absorption in rods of nocturnal reef fishes (McFarland, 1991) . Focal length was calculated by measuring the diameter of lenses taken from the four fish after the experiment and assuming a Matthiessen's ratio of 2.55 of focal length to lens radius (McFarland, 1991) .
Prey projected length
Frequently, the measure used to characterize the size of the prey is its full length. However, prey drifting head-on or at another angle to the fish, will appear smaller than its full length. Here, we used the observed distribution of projected lengths (data from Holzman & Genin, 2005) to calculate the average projected length of Artemia of different sizes. Measurements of reactive distance to each size group could therefore be related to the apparent size of the prey, as seen by the fish (Holzman & Genin, 2005) . Projected lengths of Artemia were measured as they were passing through a ''slit light,'' 7 · 7 · 0.5 cm in dimension, located 30 cm upstream of an underwater video camera in a recirculating flume. The slit light technique is based on illuminating a narrow (0.5 cm) volume of water perpendicular to the camera's axis, while keeping the surroundings in dark or dim light. This way, only objects passing through the narrow illuminated volume, at a known distance from the camera, are recorded.
Results
Throughout their resting and searching phases ($1.5 h of video recording), the fish were viewed mostly in an apparent state of hyperopia. However, since small eye artifact was not corrected for, the fish were probably in a more myopic state. The behavioral state of the fish (''resting,'' ''searching'' and ''striking'') had a significant effect on the coefficient of variation in the defocus values (ANOVA F 2,6 = 5.96, p < 0.038 for the state, no significant effect for replicate). During each of the video sequences, only small differences in the defocus value were observed while the fish was resting or searching. The average coefficient of variation (average CV ± SD; 0.13 ± 0.085 and 0.15 ± 0.099 for resting and searching fish, respectively) was not significantly different between these two states (Tukey HSD, p = 0.98). During strikes, however, variations in the state of defocus were significantly higher (0.37 ± 0.29; Tukey HSD, p < 0.05).
The change in refractive state in the course of strikes (calculated as the difference between the average defocus values measured before the initiation of the strike, and that measured six frames following its initiation; Fig. 2 ) ranged from 14.6 to À22.6 D. The average defocus value at the moment of strike initiation (averaged over all fish, for all trials; n = 32) was not significantly different from that measured before the initiation (average = 16.3 ± 21.4 and 13.14 ± 3.7 D, respectively; paired t test, p > 0.4), because in some cases the fish shifted from a hyperopic to a more myopic state, while doing the opposite in other cases (Fig. 2) . However, the absolute magnitude of the change in refractive state during prey strikes averaged 4.9 ± 5.4 D and was significantly different from 1.2 D, the maximal defocus difference due to change in viewing angle (one-sample t test, t = 3.95, p < 0.001). Only in 5 of the 32 strikes analyzed was the observed change in defocus smaller than 1.2 D. The average speed of refractive state changes, calculated based on defocus values before and after the strike was 19.6 ± 22.5 D s À1 , with maximum value of 94.1 D s À1 . Correspondingly, the behavioral state of the fish had a significant effect on the local variance values (ANOVA F 2,6 = 19.6, p < 0.01 for the state, no significant effect for replicate). The local variance associated with the initiation of the strike was significantly higher than the maximal variance observed while the fish were resting or searching (Tukey HSD p < 0.01 for both, no significant difference in local variance between these states; Fig. 2) . We used the maximum variance values observed during resting to calculate the upper 0.95 confidence interval for resting fish (var = 4.23), and assumed that higher values of local variance indicated significant changes in the refractive state of the eye. The variance associated with 24 of 32 analyzed strikes was above that threshold. Using the same criteria, we estimated that the fish were accommodating in 13 of the 40 sequences taken during searching.
The timing of the strike, defined as the frame at which the fish sharply bent its tail or folded its dorsal fin, was compared with that calculated using the local variance. According to the local variance maxima, accommodation preceded the initiation of the strikes by an average of 30 ms (0.75 frames). The magnitude of the accommodative response (as indicated by the variance) was not correlated with the duration or the orientation of the attacks (Spearman correlation, p > 0.05).
The average lens diameter measured was 3.14 ± 0.13 mm (n = 4 fish, 2 lenses each), and the calculated focal length was 3.82 mm. The radius of the Airy disk at perfect focus was therefore estimated 0.68 min of arc. Considering a rod density of 7.4 · 10 6 cells mm 2 (mean rod diameter 0.9 lm; Fishelson, Ayalon, Zverdling, & Holzman, 2004) , the number of rods on which the prey's image was projected while at the average reactive distance (under light intensity of 3.5 · 10 À4 lmol quanta m À2 s À1 ) was 913 and 4581 for a 1.16 and 3.72 mm-long prey, respectively (Table 1) . The estimated number of rods in the area of a retinal image Behavioral response was measured as the average reactive distances for prey of known length in a recirculating flume, under a light intensity of 3.5 · 10 À4 lmol quanta m À2 s À1 (Holzman & Genin, 2005) . The reactive distance for prey of 0.9 mm (marked * ) was extrapolated based on the linear regression (R 2 > 0.95) between prey length and strike distance. Projected prey lengths were measured as the average length in which Artemia appear to the fish when drifting towards it in the recirculating flume (Holzman & Genin, 2005) . Note that even if spatial summation occurs, there remain a large number of light-collecting units in each retinal image. of a 0.9 mm prey (the size threshold for feeding in A. annularis; Holzman & Genin, 2005) sighted at 115 mm was 570 (Table 1) .
Discussion
During prey capture under low light levels A. annularis demonstrated changes in the refractive state of the eye, an apparent indication of accommodation (Fig. 2) . Changes in the refractive state included mostly shifts between states of hyperopia and emmetropia (Figs. 1 and 2 ). According to local variance maxima, the accommodation preceded the initiation of a strike by an average of 30 ms. However, as the local maxima indicated the peak of the accommodation process, the process commenced even earlier.
The magnitude of the accommodative response varied with no significant correlation with the duration or the orientation of the attacks. This could be attributed in part to the small eye artifact (Glickstein & Millodot, 1970) which makes all reflexes in small eyes look hyperopic. Furthermore, measurements were performed lateral to the fish's long axis whereas prey may have been located at the front of the fish. Nevertheless, the change in defocus indicated that the lens indeed moved before strikes, even though the functional accommodation might have been directed frontally (Sivak & Howland, 1973) . Therefore, we discuss the significance of the occurrence and timing of the observed accommodation, rather than its magnitude.
Prey detection and capture is clearly a multi-sensory process, in which mechanoreception (Janssen, 1997; Montgomery & Macdonald, 1987) and possibly chemoreception (Pohlmann et al., 2001 ) are used. That accommodation was observed here, under low light intensities, highlights the capabilities of the visual system in A. annularis and its potential role in predation. That vision is utilized by A. annularis while capturing individual prey items even under low light is further supported by the observed functional response to increasing light intensity (Holzman & Genin, 2003) .
The average speed of accommodation, calculated based on defocus values before and after the strike was 19.6 ± 22.5 D s À1 , with maximum value of 94.1 D s À1 , compared to an average and maximal speeds of 55 and 120 D s À1 , respectively, in leaf turtle (Henze, Schaeffel, Wagner, & Ott, 2004) . The slower accommodation observed for the nocturnal fish might reflect the low signal to noise ratio and the longer integration time that are expected under conditions of low light, but can also results from other morphological and physiological differences between the two predators.
Visual acuity, i.e., the ability to separate between two points (Land & Nilsson, 2002; McIlwain, 1996) , is not the single factor that predicts prey detection. The ability to detect a single object against a dark background may depend also on the contrast of the object, and less on its size (Land, 2000) , as in detecting a small flash of light over a long distance. However, we assume that at least some details need to be resolved before a prey can be recognized visually, and therefore refer to the detection of the prey as resolution-limited. Furthermore, under natural conditions contrast usually decreases with decreasing light intensity (with the obvious exception of bioluminescence). Not all strikes we observed were accompanied by a significant change in the refractive state of the eye, and in some strikes accommodation did not precede, but followed the initiation of a strike. This may indicate that attaining maximal sharpness of the image is not a prerequisite for a strike.
Animals that strike at individual prey need an accurate distance estimate to their target, else their strike success can drop markedly (Pettigrew et al., 2000) . Stereoscopic vision can give a good distance estimate to targets (Lythgoe, 1979) , however cues such as the accommodation or parallax information generated by rotation of the eye can also be used (Harkness, 1977; Ott et al., 2004; Pettigrew et al., 2000; Wagner & Schaeffel, 1991) . The use of accommodation during monocular based prey strikes was mostly demonstrated in animals with a high visual acuity and independent eye movements. Such animals were, most probably, subject to evolutionary pressures to develop monocular distance estimation. It is unclear to what extent can accommodation contributed to strike success in fish such as A. annularis that are inherently characterized by a relatively low visual acuity (this work; Holzman & Genin, 2005) .
Coastal, nocturnal fishes are frequently active under crepuscular or even diurnal light levels. Thus, from an evolutionary point of view, it is not expected that the ability to accommodate will be lost in these species. Indeed anatomical and morphological evidence suggest that the ability to accommodate was retained even in bathypelagic fishes (Collin & Partridge, 1996) that live under conditions of extreme low light (where the loss of accommodation ability might have been expected).
To obtain maximal resolution, the radius of an Airy disk should be 2.44 photo detecting units, and the area of the Airy disk-18.7 units (Kirschfeld, 1976; Lythgoe, 1979) . Considering that 0.9 mm-long prey is the smallest prey the fish can detect (Holzman & Genin, 2005) , and assuming that reactive distance to that prey is 115 mm (extrapolated based on the linear regression between prey length and strike distance; Table 1), the expected surface area of the retinal image would be 570 rods. Assuming that spatial summation is involved and that the optics (Airy size) and sampling array (number of photo detecting units) are matched (i.e., 19 photo detecting units per Airy area), a level of summation of 30 rods per light detecting unit is expected (equals the ratio of retinal image to Airy disk areas). This estimate is similar to the summation level found in a deep sea teleost, Conocara ssp. . Under these assumptions, and considering the number of rods in the image of a prey in the current experiment (projected length 3.7 mm) to be $4500, we expect $150 photo-detection units in the surface area of a retinal image.
If resolution is involved in driving accommodation under low light levels, this number of units may suffice to provide spatial information for accommodation attempts. In our current experiment, the actual number of rods in an image was most likely higher, as reactive distances in the aquaria were probably shorter than those measured in the recirculating flume (due to the lower density of prey and the larger experimental arena of the flume). To the best of our knowledge, data on the properties of temporal summation in these nocturnal fish, or on the level of spatial summation (i.e., the number of ganglion cells that accept input from the rods) is lacking.
We conclude that nocturnal vision in A. annularis is sufficiently sensitive to allow accommodation on approaching prey, even under light intensities corresponding to moonless night at the surface.
